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Secondary and tertiary structures in the 3* untranslated region (UTR) of plus-strand RNA viruses have been
postulated to function as control elements in RNA replication, transcription, and translation. Here we describe
a 54-nucleotide (nt) hairpin-type pseudoknot within the 288-nt 3* UTR of the bovine coronavirus genome and
show by mutational analysis of both stems that the pseudoknotted structure is required for the replication of
a defective interfering RNA genome. The pseudoknot is phylogenetically conserved among coronaviruses both
in location and in shape but only partially in nucleotide sequence, and evolutionary covariation of bases to
maintain G z U pairings indicates that it functions in the plus strand. RNase probing of synthetic transcripts
provided additional evidence of its tertiary structure and also identified the possible existence of two confor-
mational states. These results indicate that the 3* UTR pseudoknot is involved in coronavirus RNA replication
and lead us to postulate that it functions as a regulatory control element.

Coronaviruses are enveloped, nonsegmented, intracytoplas-
mically replicating, plus-strand RNA viruses with the largest
known viral RNA genome (approximately 30 kb) (reviewed in
references 31 and 38). During replication, a 39-coterminal
nested set of subgenomic mRNAs are synthesized by an unre-
solved mechanism of discontinuous transcription (3, 51, 61)
that places a common 59-terminal leader sequence (only part
of the 59 untranslated region [UTR]) on each mRNA. It has
been suggested that the common 59 and 39 termini on genomic
and subgenomic mRNAs enable these molecules to amplify by
a replication mechanism (57). Such a pathway would explain
the existence of minus-strand copies of subgenomic mRNAs
(20, 21, 56, 57) and of subgenomic mRNA-length replicative
intermediates (50, 52). Replication of coronavirus RNA mol-
ecules from input plus strands, however, has been demon-
strated for only the viral genome (when extracted from virions
and transfected into uninfected cells [7, 53]) and defective
interfering (DI) RNAs (when synthesized in vitro from cDNA
clones and transfected into helper virus-infected cells [11, 29]),
leaving unresolved by direct proof the degree of replicability of
coronavirus subgenomic mRNAs. If coronavirus subgenomic
mRNAs are lacking in signals for replication, it is unlikely that
they would map within the 39 UTR since this region is identical
among the genome and subgenomic mRNAs (8).

Several reports have provided evidence for higher-order
structural elements in the 39 UTRs of plus-strand RNA viruses
that are thought to function in RNA replication or translation
by interacting with viral or cellular proteins. Stem-loop struc-
tures in the 39 UTR of rubella virus (42), West Nile virus (4),
and hepatitis C virus (5, 25) represent recognition sites for
cellular proteins. The recruitment of a trans-acting factor(s) to
postulated higher-order structures in other animal viruses in-
cluding picornaviruses (26, 40, 41, 45, 46, 64), flaviviruses (59),
and coronaviruses (24) has not been elucidated. Among plant
viruses, alfalfa mosaic virus coat protein binds a 39 UTR with
extensive secondary structure (2) and cellular proteins recog-

nize higher-order motifs within the 39 termini (14, 15, 19) and
in upstream sequences (33). The functional relevance of a
tertiary interaction involving the poly(A) tail and 39 UTR of
bamboo mosaic virus has not yet been characterized (65).

The use of coronavirus DI RNAs to define replication sig-
naling elements within genomic termini would seem reason-
able since the 59 and 39 UTRs on known DI RNAs, the only
available cloned coronavirus replicons, are identical to those
on cognate virus genomes (8). Thus, in the bovine coronavirus
(BCV) genome and DI RNA, the 59 UTR is 210 nucleotides
(nt) in length, inclusive of the common 65-nt leader sequence,
and the 39 UTR is 288 nt, exclusive of the poly(A) tail (11, 32).
To investigate the potential for signaling structural elements
within the BCV 39 UTR, a computer-based RNA-folding al-
gorithm was used to predict thermodynamically stable second-
ary structures. We then analyzed a potential pseudoknot be-
ginning 63 nt downstream from the termination codon of the N
gene by genetic and biochemical approaches, including phylo-
genetic comparisons, site-directed mutagenesis in a cloned DI
RNA followed by Northern blotting, and enzymatic structure
probing of in vitro-transcribed RNA. These findings strongly
suggest that the pseudoknot plays a role in coronavirus RNA
replication.

MATERIALS AND METHODS

Computer prediction of secondary structure. The Microgenie sequence anal-
ysis program (Beckman Instruments) was used to identify inverted repeats and to
calculate the free energy of secondary structures by following the rules of Tinoco
(63).

Virus and cells. A DI RNA-free stock of the Mebus strain of BCV at 4.5 3 108

PFU/ml was prepared and used as a helper virus (11). The human rectal tumor
cell line HRT-18 was used in all experiments (11).

Construction of mutant DI RNAs. Mutant DI RNAs were all modifications of
pDrep1, a cloned naturally occurring DI RNA modified to contain a 30-nt
reporter insert (Fig. 1A) (11). Mutations in the two stems of the pseudoknot
were introduced by a method based on the technique of gene splicing by overlap
extension (23, 55). The restriction endonuclease sites used in making the mutant
DI RNAs are shown in Fig. 1A. To construct the single-mutant pS1L, the
gel-purified 532-nt PCR product from a pDrep1-templated reaction with primers
BCV#3(2) and BCV39end(1) and the gel-purified 397-nt PCR product from a
pDrep1-templated reaction with primers 59S1(2) and Reverse(1) were com-
bined in an overlap extension reaction with primers BCV#3(2) and Reverse(1)
to form a product of 786 nt. From this, the 566-nt NsiI-MluI fragment was used
to replace the corresponding region in pDrep1. All other mutant DI RNAs were
similarly constructed, except for the use of primers 39S1(2), 59S2(2), and
39S2(2) in the first PCR mutagenesis reaction (resulting in 365-, 377-, and 352-nt
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products, respectively) to generate the single mutants pS1R, pS2L, and pS2R,
respectively, and the use of pS1L and pS2L template DNA in the 532-nt PCR
product reaction to generate the double mutants pS1L/R and pS2L/R, respec-
tively. All transferred PCR fragments were completely sequenced to exclude
off-site mutations.

Assay for DI RNA replication. The assay for DI RNA replication was per-
formed as previously described (11), except that cells at approximately 3.4 3 106

per 35-mm-diameter dish at 80% confluency were infected with BCV at a mul-
tiplicity of 25 PFU per cell and transfected with 600 ng of transcript. For passage
of progeny virus, supernatant fluids were harvested at 48 h posttransfection and
500 ml was used to directly infect freshly confluent cells in a 35-mm dish.
Following Nonidet P-40 lysis, proteinase K digestion, and ethanol precipitation,
a set volume from each of the preparations was centrifuged, and the cytoplasmic
RNA (typically 2.5 to 5 mg) was applied to individual lanes in a formaldehyde-
agarose gel. Approximately 1 ng of transcript was loaded per lane when used as
marker. Northern blots were probed with the oligonucleotide TGEV#8(1)
59-end labeled with 32P to specific activities ranging from 5.5 3 105 to 8.8 3 105

cpm/pmol (Cerenkov counts) and exposed to Kodak XAR-5 film in the presence
of an intensifying screen for 6 to 24 h at 280°C. The replication of pDrep1
transcripts was assayed in parallel in all experiments (not shown).

Total RNA extraction and RT-PCR analysis. Fresh cells were infected with
supernatant fluids collected at 48 h posttransfection, and total RNA was isolated
with TRIzol reagent (GIBCO BRL) at 6 h postinfection, a time of peak minus-
strand RNA synthesis (21). The conditions for cDNA synthesis and PCR were
those described by the manufacturer of SuperScript II reverse transcriptase
(GIBCO BRL). A 20 ml reverse transcription (RT) reaction was performed with

approximately 5 mg of total RNA and the primer BCVDI420(2), complementary
to sequences in gene 1a (polymerase) and specific to minus-strand DI and
genomic RNAs (11). The cDNA then served as template in a nested-PCR
strategy with primers located within the 39 UTR and the DI reporter sequence.
The first PCR, with the outer primers BCVDI420(2) and BCV39end(1), used 2
ml of cDNA solution and consisted of 40 cycles of DNA amplification (30 s at
94°C, 1 min at 55°C, and 2 min at 72°C), and the second PCR, with the inner
primers TGEV#7(2) and BCV39UTR(1), used 5 ml of the first PCR mixture
and consisted of 30 cycles of DNA amplification (30 s at 94°C, 1 min at 55°C, and
1 min at 72°C). Both PCR mixtures contained Taq DNA polymerase (Promega)
in a reaction volume of 50 ml, and the reactions included an initial denaturation
for 3 min at 94°C and a final extension for 10 min at 72°C. A PCR product with
the expected size of 938 bp was gel purified and used in a ligation reaction as
specified in the instructions supplied with the TOPO XL PCR cloning kit (In-
vitrogen).

Enzymatic probing of in vitro-transcribed RNA. To synthesize a short RNA
encompassing the pseudoknot region, a stretch of the 39 UTR was placed under
the T7 promoter. pDrep3 (11), a DI RNA with a 59 terminus identical to the first
22 nt from the multiple-cloning site of pGEM3Z (Promega), was cut with EcoRI
and SexAI (Fig. 1B), filled in with T4 DNA polymerase (New England Biolabs),
and religated. The resulting construct, p3NS, was confirmed by sequencing
through the junction region. RNA transcribed in vitro from StyI-linearized p3NS
with T7 RNA polymerase (Promega) contained 9 nt derived from the vector plus
188 nt of the BCV 39 UTR.

The method of enzymatic probing was performed as previously described (12),
except that 2 mg of template DNA was included in the transcription reaction and
RNA was renatured by slow cooling at room temperature. Digestion reactions
with RNase T1 (GIBCO BRL) (results not shown), RNase T2 (GIBCO BRL)
and RNase V1 (Pharmacia) were done at 4°C for 30 min. The primer
BCV39end(1), complementary to sequences at the 39 end of the RNA, was
59-end labeled with 32P, annealed to one-half of the treated RNA, and extended
with avian myeloblastosis virus reverse transcriptase (Promega). The products
were separated on a 6% polyacrylamide–8.33 M urea gel.

Synthetic oligonucleotides. The oligonucleotides used in this study are de-
scribed in Table 1.

RESULTS

A predicted pseudoknot in the 3* UTR of BCV is highly
conserved among coronaviruses. To explore the RNA-folding
pattern of the 288-nt 39 UTR of BCV, computer-assisted sec-
ondary-structure analysis was performed with the Tinoco algo-
rithm (63). This thermodynamically based approach predicted
the existence of two stem regions between 226 and 173 nt from
the base of the poly(A) tail (Fig. 1B) with high negative free-
energy values (DG 5 28.6 and 210.2 kcal[1 cal 5 4.184 J]/mol
for stems 1 and 2, respectively) and the potential to form a
hairpin-type (or classical) pseudoknot (Fig. 1C) (68). A classi-
cal pseudoknot is a tertiary interaction involving base pairing
between a single-stranded region in a hairpin loop and un-
paired bases outside of the loop (reviewed in references 47 and
62). When folded, the base-pairing loop region becomes adja-
cent to the other stem, leading to coaxial stacking of the two
stem regions and formation of a quasi-continuous double helix.
The proposed pseudoknot is defined by stems 1 and 2 (8 and 10
bp, respectively), connecting loops 1 and 2 (15 and 2 nt, re-
spectively), and a single intervening nucleotide between the
two stems.

The pseudoknot identified in this analysis differs from a
classical hairpin pseudoknot in two respects. (i) In a classical
pseudoknot, loop 2 is generally larger than loop 1. Loop 1
crosses the deep and narrow major groove of stem 2, and loop
2 crosses the shallow and wide minor groove of stem 1. The
BCV pseudoknot has a relatively lengthy loop 1, implying that
these sequences have a biological relevance. On the other
hand, loop 2, 3 nt long with the fraying of the 182G-194U base
pair at the top of stem 2, is not sufficient to bridge the minor
groove of an 8-bp (stem 1) A-form helix (48). (ii) The stem
regions in a classical pseudoknot are contiguous. The BCV
pseudoknot has an insertion of 1 nt, A193, between the two
stem regions, which may prevent a linear arrangement of the
stems. The presence of the intervening nucleotide, along with
the steric constraints caused by the short length of loop 2,

FIG. 1. Proposed pseudoknot and its location within the BCV 39 UTR. (A)
Cloned reporter-containing DI RNA (pDrep1) of BCV used to test the RNA
replication function of the pseudoknot. The cloned DI RNA is under control of
a T7 RNA polymerase promoter in plasmid vector pGEM3Zf(2) (Promega).
The reporter is an in-frame 30-nt sequence from the N gene of TGEV (11). The
numbering starts at the 59 end of the transcript. (B) Schematic location of the
pseudoknot and of an 8-nt consensus sequence (32) in the genomic 39 UTR. The
numbering starts at the base of the poly(A) tail. (C) Proposed pseudoknot
structure.
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probably results in a bent conformation of the pseudoknot with
stems 1 and 2 tilting toward each other (58).

To determine whether this pseudoknotted structure is sup-
ported by phylogenetic analysis, the 39 UTRs of all sequenced
coronaviruses were examined. These comparisons revealed a
similar pseudoknot in the same relative location for each coro-
navirus. Among the mammalian coronaviruses (Fig. 2A), struc-
ture at the secondary and tertiary levels is maintained despite
differences in RNA sequences. Only minor variations are
found in stem and loop lengths, and a number of residues are
absolutely conserved (note the consensus structure in Fig. 2A).
An analogous structure in the avian coronavirus infectious
bronchitis virus (IBV) (Fig. 2B) diverges more considerably in
stem and loop dimensions but retains some of the conserved
features of the mammalian coronaviruses (e.g., a consensus
motif nAnnnnGGnnnnnnnnn in IBV loop 2 found in mamma-
lian coronavirus loop 1). Taken together, these observations
led to the working hypothesis that the pseudoknot functions in
the coronavirus life cycle.

Base pairing in both stems of the pseudoknot is required for
BCV DI RNA replication. Previous studies have described the
cloning of a 2.2-kb reporter-containing BCV DI RNA replicon
(pDrep1) (11). The DI RNA is a fusion between the 59 and 39
termini of the virus genome, resulting in a single fused open
reading frame (Fig. 1A). When synthetic uncapped transcripts
from MluI-linearized pDrep1 were transfected into BCV
(helper virus)-infected cells, replication was observed as mon-
itored by Northern analysis with a strand-specific probe for the
reporter sequence (11). Plus-strand DI RNA accumulated in
transfected cells with kinetics paralleling that of helper virus
genome, and it appeared during passage 1 of progeny virus on
fresh cells.

To test whether the pseudoknot plays a role in RNA repli-
cation, site-directed mutagenesis was undertaken to disrupt
and then restore base pairing in both stems in pDrep1. Mul-
tiple base substitutions were designed to create mismatches
predicted to destroy the thermodynamic stability of each stem
(data not shown). The mutations were derived from the anal-
ogous stem in porcine transmissible gastroenteritis virus
(TGEV) (for stem 1 single mutants pS1L and pS1R) and from
the other side of the stem (for stem 2 single mutants pS2L and
pS2R). Double mutants for stems 1 and 2 (pS1L/R and
pS2L/R, respectively) incorporating both sets of mutations
were also generated, and all mutant constructs were assayed
for replication.

The effects of these mutations were demonstrated by North-

ern analysis and are shown in Fig. 3. The single mutants with
disrupted stems showed no evidence of replication. On the
other hand, the double mutants with restored stems replicated
at or near wild-type levels and became packaged into virions as
evidenced by successful passaging. A lower negative free-en-
ergy value (DG 5 25.8 kcal/mol) for the 7-bp TGEV-mim-
icked stem in pS1L/R and alterations in the highly conserved
bases A198, G195, and U178 in the restored stem in pS2L/R
were tolerated by the DI RNA. The latter finding indicates that
the primary sequence in these regions is not a requirement for
replication. In summary, these experiments establish a corre-
lation between the maintenance of the two stem regions in the
pseudoknot and BCV DI RNA replication.

The mutated sequences in pS1L/R and pS2L/R are retained
after a viral passage. To evaluate the integrity of the mutations
in the replicating transcripts from pS1L/R and pS2L/R, RT-
PCR analysis was performed on minus-strand templates in
total RNA extracted after the first viral passage. This approach
should ensure that the product was derived from only mole-
cules that had undergone replication and packaging. A DI
RNA-specific product was amplified and cloned, and five in-
sert-containing colonies for each construct were sequenced
across the region of the pseudoknot (data not shown). The
number of colonies containing matched pairs of mutations for
pS1L/R and pS2L/R were two and four, respectively. The re-
maining sequences were of wild-type origin, indicating that the
VP1 bands on the Northern blots (Fig. 3) represent a mixture
of DI RNA molecules, presumably the consequence of recom-
bination events between the helper virus and the transfected
DI RNA. The results also show that the double mutants un-
dergo replication and become packaged in supernatant virus.

Enzymatic probing yields evidence for both open and closed
forms of the pseudoknot. To obtain direct biochemical evi-
dence for the presence of the pseudoknot, the structure of an
in vitro-transcribed RNA was probed by enzymatic treatment.
The 197-nt RNA substrate, including 40 nt upstream and 94 nt
downstream of the pseudoknot, was digested with RNases spe-
cific for single-stranded regions (RNase T1 [G specific] and
RNase T2 [nonspecific with a preference for A]) and helical
regions (cobra venom RNase V1). The positions of cleavage
sites in the RNA were determined by analyzing the primer
extension products in parallel with a dideoxy sequencing lad-
der generated from untreated RNA and the same primer.
Figure 4A, an autoradiograph of a representative gel, shows
that increasing the amount of enzyme in the digestion mixture
yields specific banding patterns. A summary of all enzymatic

TABLE 1. Synthetic oligonucleotides in this study

Oligonucleotidea Sequenceb Binding regionc

BCVDI420(2) 59GTTGTGTGCAGTCTAGCCTAATAC39 419–442
TGEV#8(1) 59CATGGCACCATCCTTGGCAACCCAGA39 1099–1128
TGEV#7(2) 59TCTGGGTTGCCAAGGATGGTGCCATG39 1099–1128
BCV#3(2) 59TGGGAATCTTGACGAGCCCCAGAAGG39 1542–1567
59S1(2) 59AAGGCACTCTTGTACAGAATGGATG39 1931–1955
59S2(2) 59GGATGTCTTGCTCGATTAATAGATAGAG39 1951–1978
39S1(2) 59GCTATAATAGTACAAGCAGGTTATAGC39 1963–1989
39S2(2) 59GAGAAGGTTAATCGAGACTATAGATTAATTAG39 1976–2007
BCV39UTR(1) 59CCAACACTATACATTACCAC39 2021–2040
BCV39end(1) 59TCGGCAATTACTTCCGCAAG39 2054–2073
Reverse(1) 59CACAGGAAACAGCTATGACC39

a Oligonucleotides bind to either plus-strand RNA, as indicated by (1), or to minus-strand RNA, as indicated by (2).
b Underlined bases indicate differences from the genomic sequence.
c Numbers correspond to the pDrep1 plus-strand sequence, except for oligonucleotides TGEV#8(1) and TGEV#7(2), for which numbers refer to the TGEV N

gene plus-strand sequence (11). Reverse(1) binds to pGEM3Zf(2) DNA just downstream of the multiple cloning region.
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probing data superimposed on the pseudoknot is given in Fig.
4B.

Three major areas were susceptible to RNase V1: those
between C225 and G217, G209 and C207, and C200 and A196.
RNase V1 recognizes RNA sequences in a double-stranded
region (a canonical helix) and, on occasion, in a single-

FIG. 2. Comparison of the phylogenetically conserved pseudoknots among
coronaviruses. Stems 1 and 2 are shown on the left and right, respectively. (A)
Members of coronavirus serogroups 1 (HCV-229E [54], PEDV [9], TGEV [28],
PRCV [49], FIPV [13], FECV [67] and CCV [22, 67]), and 2 (BCV [32], HCV-
OC43 [27], MHV [44], and SDAV [30]) are shown. (B) IBV (6), the only member
of coronavirus serogroup 3, is shown. Abbreviations: HCV, human coronavirus;
SDAV, rat sialodacryoadenitis virus; PEDV, porcine epidemic diarrhea virus;
PRCV, porcine respiratory coronavirus; FIPV, feline infectious peritonitis virus;
FECV, feline enteric coronavirus; CCV, canine coronavirus.

FIG. 3. Importance of stems 1 and 2 in DI RNA replication. Synthetic tran-
scripts of pDrep1 and six mutants were transfected in BCV-infected cells, and
cytoplasmic RNA was extracted at 1, 24, and 48 h posttransfection and at 48 h
after the first virus passage (VP1). Extracted RNA was separated by electro-
phoresis on a formaldehyde-agarose gel and probed in a Northern blot with
radiolabeled oligonucleotide for detection of the plus strand of the reporter
sequence. An increase in the amount of DI RNA after 1 h posttransfection is
evidence of replication. RNA shown in the first lane is an aliquot of the in vitro
transcript used as marker.
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stranded region adopting an approximately helical conforma-
tion (37). An interpretation that the first and third of these sets
of cleavages occur in double-helical RNA is consistent with the
base pairing predicted for both stems 1 and 2. The second set
might arise during an altered conformation of the pseudoknot
(postulated below). The reactive sites between C219 and G217,
located outside stem 1, may result from the ability of RNase V1
to cleave a stacked single-stranded region immediately adja-
cent to a stem (1). Note that only one strong banding pattern
is observed for each stem. An explanation for this result is that
RNase V1 cleavage on the 59 side of a stem is generally greater
than that on the 39 side of a stem (1).

RNase T2-sensitive areas, on the other hand, were found
between A218 and U210 and between A193 and G183. Diges-
tion with RNase T1 yielded similar results, with strong cleav-
ages between G213 and A211, between G188 and A187, and
between G186 and A185 (data not shown). These single-
stranded regions include not only loops 1 and 2 but also the
side of stem 1 between G192 and A185, in apparent contra-
diction to the predicted pseudoknot. These data are most com-
patible with a model in which the base pairings in stem 1 are
present in a “breathing” (open and closed) interaction. There-
fore, the pseudoknot may exist in equilibrium with the hairpin
formed by stem 2. An “open” pseudoknot also may account for
the area of RNase V1 reactivity between G209 and C207 by
allowing these bases to interact with another single-stranded
region.

An RNA sequence able to form a pseudoknot also has the
potential to form two hairpin structures (stem 1 alone or stem
2 alone). Experiments with oligonucleotides have provided
evidence that pseudoknots with coaxially stacked stems are
only marginally more stable than either of the constituent
hairpins and that equilibria among secondary and tertiary
structures are sensitive to changes in ionic conditions, temper-
ature, loop sequence, and loop size (69). A decrease in the size
of pseudoknot loop 2, for example, shifts the equilibria among

conformations by stabilizing the stem 2 hairpin relative to the
pseudoknot. In the proposed pseudoknot, the small size of
loop 2 (2 nt) and the higher negative free energy of stem 2
(compared to stem 1) potentially contribute to the observed
labile conformation. In addition, the single nucleotide at the
stem-stem junction, A193, may not allow coaxial stacking of
the stems, resulting in a greater degree of breathability (58).

DISCUSSION

From the experiments presented here, we conclude that a
phylogenetically conserved hairpin-type pseudoknot in the 39
UTR of BCV is a cis-acting signal for DI RNA replication and,
by extension, viral genome replication. We postulate, further-
more, that the structure functions in the plus strand, since a
large number of G z U pairs are found in stem 2 of the mam-
malian coronaviruses (ranging from one in BCV to three in
human coronavirus 229E [Fig. 2]) and bases on the minus
strand fail to covary to maintain base pairings. Consistent with
our conclusions are studies on DI RNA of mouse hepatitis
virus (MHV), another serogroup 2 coronavirus, for which it
has been shown that the minimal sequences at the 39 end of the
genome required for replication of DIssE (29), DIssF (34), and
MIDI (66) include the corresponding region of the
pseudoknot. In addition, deletions that remove regions within
the pseudoknot have been found to abolish DI RNA replica-
tion (29, 34). These mutant constructs, however, also remove
all or part of a proposed signaling bulged stem-loop mapping
immediately upstream of the pseudoknot (24) and eliminate a
26-nt sequence downstream of the pseudoknot shown to be
important in both RNA-protein binding and DI RNA replica-
tion (36, 70). Except for a preliminary report of this work (68),
a pseudoknotted structure has not been identified as a coro-
navirus 39-UTR RNA replication signal.

Although 39-UTR pseudoknotted tertiary structures in plus-
strand animal RNA viruses have been postulated to function as
regulatory elements in RNA replication, to our knowledge the
only other example of such a structure supported by muta-
tional analyses is the phylogenetically conserved pseudoknot of

FIG. 4. Enzymatic probing of the pseudoknot in synthetic RNA transcripts.
(A) Electrophoretic analysis of digestion products. Lanes: 1 to 4, RNase T2
digestion with 0.65, 0.065, 0.0065, and 0 U, respectively; 5 to 8, sequencing ladder
generated from the same primer; 9 to 12, RNase V1 digestion with 0, 0.01, 0.1,
and 1.0 U, respectively. The region encompassed by the dashed bracket may
show both single-stranded and double-stranded properties (see the text). Results
from digestion with RNase T1 are not shown. ss, single-stranded; ds, double-
stranded. (B) Schematic summary of enzymatic probing.
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enteroviruses (40, 41, 46). In this case, however, the
pseudoknot was noted not to be a conventional one, since
relatively long-distance loop-loop interactions are needed to
form the stems. How this element functions mechanistically in
enterovirus RNA replication was not determined.

How might the BCV 39 UTR pseudoknot exert an effect on
RNA synthesis? Despite its superficial similarity to the well-
characterized hairpin-type pseudoknot active in the ribosomal
frameshifting at the coronavirus gene 1a/1b junction (60),
there is no indication from inspection of the sequence that it is
involved in a similar frameshifting event or stop codon
readthrough that might yield a novel cis-acting protein. It also
seems unlikely, based on a recent demonstration that the min-
imal 39-terminal sequence requirement for minus-strand syn-
thesis in MHV DI RNA is approximately 50 nt (exclusive of
the poly (A) tail) (35) and on the finding that the 39 UTRs of
BCV and MHV DI RNAs can be exchanged without loss of
replicability (unpublished data), that the pseudoknot is part of
the signal directing minus-strand synthesis.

An answer to the question of 39-UTR pseudoknot function
may lie in precedents established by studies of positive-strand
plant RNA viruses. Two separate but poorly understood reg-
ulatory pathways have been described. In the first, pseudoknots
mapping just downstream of the open reading frame in the
nonpolyadenylated tobacco mosaic virus genome (the so-called
upstream pseudoknots in tobacco mosaic virus) have been
shown to functionally mimic the poly(A) tail as an enhancer of
translation (17). Inasmuch as translation is a cis-acting require-
ment for RNA replication in many plus-strand RNA viruses
(43), regulation of translation could be a means of controlling
replication. The replication of BCV DI RNA is also strictly
dependent on the translatability of its open reading frame (10),
making pseudoknot-mediated translational regulation an at-
tractive model to test.

In the second example, the 39-terminal pseudoknots in plant
virus genomes comprise the acceptor arm in cis-acting tRNA-
like structures (TLSs) (reviewed in reference 16). The mech-
anistic contribution of the TLSs to genome replication is not
understood, but one hypothesis envisions an interaction with
components of the translation apparatus, such as tRNA syn-
thetases and elongation factors, to form the enzymatically ac-
tive RNA replication complex (18). The coronavirus 39 UTR
pseudoknot, therefore, may function as an independent up-
stream element to recruit protein factors as part of a replica-
tion complex. It should be noted that a tRNA-like element
need not be aminoacylatable or even 39-terminal for recogni-
tion by its cognate synthetase, as shown for the TLS within the
upstream region of the threonyl-tRNA synthetase mRNA from
Escherichia coli (reviewed in reference 39). Also, the identity
features of a canonical tRNA molecule or TLS that signal
synthetase recognition can be contained entirely within the
acceptor arm (16). It will therefore be important to determine
whether the coronavirus 39 UTR pseudoknot can be recog-
nized by cellular synthetases and elongation factors.

Three-dimensional modeling and further mutagenesis stud-
ies will be required to delineate more precisely the structure
and function of the pseudoknot. In addition, it will be impor-
tant to determine whether similar tertiary structural elements
function in the genomes of toroviruses and arteriviruses, the
other genera within the order Nidovirales.
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